Although carbon nanotubes (CNTs) have extraordinary mechanical, thermal, and electrical properties, application of CNTs remains limited due to their unique nano-sized tubular forms. CNT electrodes have relatively high sheet resistance, which does not meet the industrial requirements of various electrode materials. Thus, there are still challenges for improving the performance of CNTs in real applications, particularly in terms of satisfying industrial requirements. In this study, to utilize CNTs in bulk scale electrode applications, we developed a dry spinning technique. The dry spinning technique is a solid state fiber spinning technique that provides an adjustable aligned structure. The dry spinning approach also offers a facile and inexpensive fabrication process, factors which are favorable for industrial scalability for fabricating electrodes. We demonstrate a multilayer stacking process for enhancing the performance for li-ion batteries. Multi-layer CNT textiles have low sheet resistance and a 3D woven structure provides high surface area. The fabricated 3D woven structured electrode delivers a higher reversible capacity of more than 400 mA hr/g with high cycle stabilities.
INTRODUCTION
Carbon nanotubes (CNTs) have been studied widely for their extraordinary mechanical, 1 electrical, 2 and thermal properties. 3 Due to their exceptional properties and unique hexagonal sp2-bonded nano-tubular structure, CNTs are considered to have outstanding potential for many future applications. Recently, CNTs have gained recognition as a next generation candidate anode material for lithium ion batteries (LIBs). Over the past decade, LIBs have been widely used in mobile electronics. Although conventional LIB exhibits great performance, there are many challenges remained in LIB. Improving capacity and cycle performance of anode material is one the biggest challenge. Conventionally, graphite has been used as an anode material for LIBs due to its high conductivity and favorable structure for ion diffusion and intercalation. 4 However, the theoretical LiC 6 structure in graphite limits the specific capacity at 372 mA h/g and actual performance of capacity is degrading over cycles. 5 To overcome this limitation, * Authors to whom correspondence should be addressed. many research groups have developed and invented CNT based anode electrodes, with varying success. Researchers have found that CNTs can store Li ions both inside and outside of the nanotubes. 6 Moreover, the interstitial spaces of CNT bundles provide enhanced ability to intercalate lithium ions. 7 8 In this study, we developed a 3D woven structured dry spun CNT anode for favorable lithium ion intercalation. Although, CNTs have extraordinary properties, their nanosized tubular form restricts the capacity to exploit these outstanding properties. The first step for using CNTs in practical bulk scale applications is fiber spinning. Previously, various fiber spinning processes such as solution based wet spinning processes [9] [10] [11] [12] and solid state spinning processes [13] [14] [15] [16] [17] [18] [19] [20] [21] have been investigated. Among them, one of the most promising processes for obtaining scalable CNT fiber is the dry spinning process. [18] [19] [20] [21] Compare to other processes, the dry spinning process is in many regards a close approximation of the conventional silk worm spinning process. Therefore it is most scalable, suitable and applicable to conventional solid state weaving fabrication. In this study, we developed a 3D woven CNT anode as a favorable lithium ion intercalation structure by using a dry spinning process.
EXPERIMENTAL DETAILS
Synthesis of vertically aligned CNT array and fabrication of 3D woven structure Vertically aligned CNT arrays were synthesized by a CVD process (Atech System). We synthesized CNT arrays with a 1 nm thick Fe film deposited on a 10 nm thick Al coated Si substrate. The Fe catalyst layer and Al buffer layer were deposited via thermal evaporation (Atech System). Forming gases, argon (Ar) gas, hydrogen (H 2 ) gas, and oxygen (O 2 ) gas, were used as a supporting gas, and ethylene (C 2 H 4 ) gas was used as a carbon source. To synthesize the vertically aligned CNT array, the temperature was raised to 750 C for 10 min. under a 2000 sccm Ar gas flow. Then, 60 sccm H 2 gas was added to the Ar gas for 5 min. Finally, 1000 sccm C 2 H 4 gas and 1 sccm O 2 gas were added to the Ar gas and H 2 gas for 10 min. The CNT sheet was primarly spun horizontally from the vertically aligned array by use of a knife and attached to a copper electrode via ethanol spraying. This process was repeated 200 times, rotating 90 degrees each time. Characterization Scanning electron microscopy (XL30SFEG, Philips) and transmission electron microscopy (JEM-3010, JEOL) were used to observe the microstructure of CNT arrays and the 3D woven CNT anode structure. With the transmission electron microscopy images, we further observed the number of walls and the diameters of the CNTs. A micro-force testing system (Instron 8848, Instron) was used to measure the mechanical properties of the 3D woven CNT anode. To test the tensile strength of the CNT anode, we used the micro-force testing system at a strain rate of 0.01 mm/sec for a 10 mm gauge length. A 4 point probe configuration system (CMT SR2000/AIT) was used to measure the sheet resistance of the CNT anode. Electrochemical measurements were performed with an automatic battery cycler system (WBCS 3000, WonATech), using a Swagelok type cell. The as is 3D woven CNT electrode was used for the anode. Li metal foil was used as a counter electrode and the electrolyte was 1 M LiPF 6 dissolved in a mixture of ethylene carbonate (EC)/ dimethyl carbonate (DMC) (1:1 by volume). The cells were assembled in an argon-filled glove box. Electrochemical performances were evaluated at a rate of 0.1 C in a voltage range of 0.01-3 V.
RESULTS AND DISCUSSION
We fabricated 3D woven CNT sheets by using a dry spinning process. First, we prepared a 10 nm thick Al buffer layer with a 1 nm Fe catalyst layer on a Si substrate. By controlling the chemical vapor deposition (CVD) synthesis time, the morphology of the vertically aligned CNT array was tuned. Figure 1 (a) shows a schematic diagram of the process to prepare vertically aligned CNT arrays and Figure 1 (b) shows corresponding SEM images. Due to Van der Waals interactions between CNTs, these arrays can be spun into a continuous single sheet by mechanical drawing. This drawn sheet has loosely packed aerogel structures, which provide a favorable structure for intercalation and deintercalation of Li ions. For the preparation of anode electrodes, this sheet is directly attached on a copper electrode. Then, with 90 degree rotation, these sheets are continuously woven on the electrodes. We prepared two different CNT array samples for anode electrodes. The performance of LIBs is often influenced by the morphology of CNTs including defects, 22 length 23 and diameter. 24 From previous studies, it is well known that the morphology of CNT arrays can be tuned by controlling the catalyst and the synthesis duration. and diameters and the number of walls of the synthesized CNTs show different distributions according to the synthesis duration. This is due to migration of the Fe catalyst and the activation lifetime. We controlled the synthesis duration from 10 to 30 minutes with catalyst conditions of Al/Fe:10 nm/1 nm. Figure 2 shows SEM and TEM images of the CNT arrays after 10 minute synthesis and 30 minute synthesis. With 10 minute synthesis, we fabricated 154 m arrays ( Fig. 2(a) ) with 7 nm diameter CNTs (Fig. 2(c) ). These CNTs consisted mostly of double wall and triple wall structures. We refer to this array hereafter as CNT (s). With 30 minute synthesis, we fabricated 443 m arrays ( Fig. 2(b) ) with 21 nm diameter CNTs (Fig. 2(d) ). These CNTs consisted of more than 10 walls, thus indicating multi-walled structures. We refer to this array hereafter as CNT (L). Before characterizing charge-discharge properties, we measured mechanical and electrical properties of different CNT anode electrodes. Electronic conductivity of anode material is important as a granular media in order to transport the electronic carrier from the current collector to the electrolyte. In other words, better electronic conductivity offers rapid transportation of the electronic carrier without losses to enhance the performance of LIB. For comparison with other CNTs, we prepared CNT bucky paper from conventional CNTs from Iljin Nanotech. The 3D woven CNT electrode performed displayed tensile strength ( Fig. 3(a) ), modulus ( Fig. 3(b) ), and elongation ( Fig. 3(c) CNT bucky paper and 3D woven CNT electrode (s) and (L) exhibited an average modulus of 15 GPa, 33 GPa, and 31 GPa, respectively. Elongation of the 3D woven CNT electrode was increased from 0.034 (bucky paper) to 0.069 (3D woven CNT electrode (s)) and 0.081 (3D woven CNT electrode (L)). These results indicate that, compared to CNT bucky paper, load transfer was effectively distributed on the CNT woven electrodes. Furthermore, the aligned CNT nano-fabric structure minimized defects where stress concentration could occur. Bringing CNTs into an aligned structure also provides effective conductive paths in the anode electrodes (Fig. 3(d) ). The conductivity of both 3D woven CNT electrode (s) and (L) exceeded 1500 S/cm, which is far greater than that of conventional bucky paper (350 S/cm). Generally, longer CNTs with a single wall structure exhibit higher conductivity characteristics when they are fabricated in the form of sheets. However, 3D woven CNT electrode (s) showed higher conductivity than (L). This is because CNT (L) has a multi-walle structure, which delivers higher electrical resistance properties than a single walled structure. Moreover, with longer CNT synthesis time, unreacted amorphous carbons are deposited Charge-discharge characteristics of the coin cell were measured at the first cycle at a load current density of 0.02 mA/cm 2 between 0 and 3 V cutoff limits. Cyclic performance charge-discharge was monitored during 30 cycles. Figure 4 shows both the cyclic performance and the first cycle charge-discharge curve of CNT bucky paper an 3D woven CNT electrodes (L) and (s). The large differences in the morphology and structure of CNTs lead to different electrochemical performance when they are used as anode materials for LIBs. The CNT bucky paper displayed reversible capacity of 3640 mA h/g at the 1st cycle and the capacity continuously decreased from 222 mA h/g to 86 mA h/g from the 2nd to 30th cycle (Figs. 4(a) and (b) ). Previously multi-wall CNT anodes also showed similar results that reversible capacity exhibited below 280 mA h/g. 25 26 Compared to CNT bucky paper, 3D woven CNT electrodes (L) and (s) delivered almost twofold higher capacity values. 3D woven CNT electrode (L) displayed reversible capacity of 4200 mA h/g at the 1st cycle and its capacity stabilized between 390 mA h/g and 315 mA h/g, from the 2nd to 30th cycles (Figs. 4(c) and (d) ). Whereas conventional CNT electrodes suffer from low practical capacities and high irreversible charge loss due to the formation of a solid electrolyte interface (SEI) and other side reactions, 27 these 3D woven CNT electrodes display both stable cycle performance and enhanced capacities. The aerogel structure of the woven electrode offers numerous storage sites for Li ions. Due to its enhanced mechanical properties, the woven structure also offers high structure resistivity during ion intercalations, which stabilizes the cycle performance of LIBs. 3D woven CNT electrode (s) showed slightly enhanced performance and displayed reversible capacity of 5030 mA h/g at the 1st cycle and the capacity stabilized between 401 mA h/g and 342 mA h/g, from the 2nd to 30th cycles (Figs. 4(e) and (f) ). Both the diameter and the length of CNT (s) are smaller than those of CNT (L). Theoretically, lithium ions could intercalate outside and inside the CNTs. With an increase of the tube diameter, the intercalated lithium atoms tend to form a multi-shell structure at the inner-tubes, which improves the lithium capacity. 28 Because CNT (L) and CNT (s) have similar inner diameters, they do not provide an enhanced multishell structure. CNT (s), however, has shorter array length than CNT (L). This indicates that with same amount of CNTs, longer CNTs could provide similar storage sites but longer path ways to store Li ions. It is known that effective diffusion typically decreases if the CNTs are too long, since the Li ions are able to enter but seldom exit. 29 Consequently, CNT (s) showed higher capacity and it has been proven that woven electrodes with shorter CNTs are a more promising candidate than electrodes with longer CNTs as an anode material for LIBs. Still, both reversible capacity of 3D woven CNT electrodes were over 3600 mA h/g at first cycle which is 4 times higher than aligned CNTs reported before. 30 3D woven structure displayed substantially great amount of capability because this structure itself provides enhanced sites between the layers for lithium absorption than only aligned structure. Beside storage sites 3D woven structure also has effective electrical path ways to the current collectors. Aligned CNT only serves 1D path ways through collectors but CNT electrode serves more than 1D path ways by intimate contact of 1D CNT bundles in rotation.
CONCLUSIONS
In conclusion, we demonstrated a dry spinning process to fabricate 3D woven CNT electrodes for application as LIB anodes. By exploiting Van der Waals interactions between CNTs, CNT arrays were spun into a 3D woven structure. We observed the correlation of the CNT woven structures with charge-discharge cycle performances. The 3D woven CNT electrode displayed maximum reversible capacity of 5030 mA h/g at the 1st cycle with stable cycling between 342 mA h/g and 401 mA h/g after the 30th cycle. The 3D woven CNT electrode proposed in this paper provides not only enhanced mechanical and electrical properties, but also favorable Li ion intercalation sites with cycle stability. The spinning principle proposed in this paper offers an entirely new way of fabricating next generation CNT based electrodes. 
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